Aromatic hydrocarbons are among the main constituents of crude oil and represent a major fraction of biogenic hydrocarbons. Anthropogenic influences as well as biological production lead to exposure and accumulation of these toxic chemicals in the water column and sediment of marine environments. The ability to degrade these compounds in situ has been demonstrated for oxygen-and sulphaterespiring marine micro-organisms. However, if and to what extent nitrate-reducing bacteria contribute to the degradation of hydrocarbons in the marine environment and if these organisms are similar to their well-studied freshwater counterparts has not been investigated thoroughly. Here we determine the potential of marine prokaryotes from different sediments of the Atlantic Ocean and Mediterranean Sea to couple nitrate reduction to the oxidation of aromatic hydrocarbons. Nitrate-dependent oxidation of toluene as an electron donor in anoxic enrichment cultures was elucidated by analyses of nitrate, nitrite and dinitrogen gas, accompanied by cell proliferation. The metabolically active members of the enriched communities were identified by RT-PCR of their 16S rRNA genes and subsequently quantified by fluorescence in situ hybridization. In all cases, toluene-grown communities were dominated by members of the Gammaproteobacteria, followed in some enrichments by metabolically active alphaproteobacteria as well as members of the Bacteroidetes. From these enrichments, two novel denitrifying toluene-degrading strains belonging to the Gammaproteobacteria were isolated. Two additional toluene-degrading denitrifying strains were isolated from sediments from the Black Sea and the North Sea. These isolates belonged to the Alphaproteobacteria and Gammaproteobacteria. Serial dilutions series with marine sediments indicated that up to 2.2×10 4 cells cm -3 were able to degrade hydrocarbons with nitrate as the electron acceptor. These results demonstrated the hitherto unrecognized capacity of alpha-and gammaproteobacteria in marine sediments to oxidize toluene using nitrate.
INTRODUCTION 31
Hydrocarbons are naturally widespread in marine sediments and can originate 32 from several natural and anthropogenic sources. Petroleum hydrocarbons 33 produced during diagenesis of organic-rich sediments and oil emitted by near-34 surface hydrocarbon seepages constitute a natural source of hydrocarbons in 35 sediments. Some other hydrocarbons of biogenic origin are produced in living 36 organisms such as bacteria, phytoplankton, plants and metazoans (Chen et al., 37 1998; Fischer-Romero et al., 1996; Tissot & Welte, 1984) . Furthermore, in 38 addition to hydrocarbons of biogeochemical or biogenic origin, anthropogenic 39 activities, such as off-shore production, transportation or tanker accidents, 40 municipal or industrial wastes and runoff, are responsible for additional inputs of 41 petroleum hydrocarbons into the marine environment. 42
43
The main constituents of petroleum hydrocarbons are branched and unbranched 44 alkanes, cycloalkanes, as well as mono-and polyaromatic hydrocarbons. Since 45 hydrocarbons can be highly toxic to a wide variety of life, the degradation of 46 these contaminants and of petroleum compounds in general is of great 47 importance. The aerobic degradation of aromatic hydrocarbons and alkanes has 48 been studied since the beginning of the 20 th century, and numerous aerobic 49 hydrocarbon-degrading microorganisms have been isolated (e.g., Austin et al., 50 1977; Gibson & Subramanian, 1984; Teramoto et al., 2009 ). Even though 51 hydrocarbons are among the least chemically reactive molecules, microbial-52 mediated degradation has also been demonstrated under anoxic conditions and 53 several anaerobic phototrophic, nitrate-, iron-, sulphate-reducing, and fermenting 54 bacteria have been isolated or enriched over the last decades (Heider et al., 55 1999; Widdel et al., 2010) . The activity of sulphate-reducing bacteria in oil 56 reservoirs and in on-and offshore oil operation has been of great interest from an 57 industrial perspective, since detrimental souring (production of sulphide) has 58 been associated with this group of bacteria. One of the strategies to control 59 souring has been the addition of nitrate to oil reservoirs and surface facilities, 60 which can have a direct impact on the sulphate-reducing population (Gieg et al., 61 2011) . The anaerobic degradation of aromatic hydrocarbons and alkanes with 62 nitrate as terminal electron acceptor has been previously demonstrated and 63 extensively studied in freshwater environments. Almost all the nitrate-reducing 64 strains isolated so far from terrestrial and freshwater environments belong to the 65 Betaproteobacteria, and more especially to the genera Thauera, Azoarcus and 66
Georgfuchsia (Dolfing et al., 1990; Evans et al., 1991; Fries et al., 1994 Two of the few exceptions so far are hydrocarbon-degrading denitrifiers 69 belonging to the Gammaproteobacteria that have been isolated from river 70 sediment (genus Dechloromonas) (Chakraborty et al., 2005) and ditch sediment 71 (strain HdN1) (Ehrenreich et al., 2000; Zedelius et al., 2011) . Betaproteobacteria 72 that dominate the oxidation of hydrocarbons in freshwater environments, 73 however, are commonly not dominant in marine sediments. Furthermore, nitrate-74 reducing microorganisms of marine origin capable of hydrocarbon degradation 75 have so far not been validly described. To date, fully characterized anaerobic 76 hydrocarbon-degrading strains from marine sediments are all iron-, or sulphate-77 reducing bacteria. 78
The aim of this study was to elucidate nitrate-dependent degradation of 79 hydrocarbons in various marine sediments and to determine the identity of 80 potential microorganisms involved in the process The alkyl-substituted 81 monoaromatic hydrocarbon toluene was chosen as model substrate since it is a 82 widespread hydrocarbon that has been intensely studied. Additional experiments 83 were also performed with the short-chain aliphatic alkane n-hexane. This sediment was collected in a station where deposits of petroleum residues 98 were covered by saltwater. In addition, two samples were used to perform 99 enrichment cultures and isolations with toluene, as well as counting series. The 100 first one was collected in the North Sea (=NS), in a small harbor (Horumersiel) 101 located near Wilhemshaven (Germany). The second one originated from a 102 sampling station of the Black Sea (=BS) located off the Romanian coast. 103
Sediments cores were collected with polyacryl tubes and stored under nitrogen. 104
The upper four cm of the sediment cores were used for this work. 105
106
Procedures for preparation of media and for cultivation under anoxic conditions 107 were as described elsewhere (Widdel & Bak, 1992 The most probable-number (MPN) method was used in five replicates series with 128 10-fold dilutions in liquid medium, and calculations were done using standard 129 tables. MPN were performed with the following substrates: acetate (20 mM), 130 benzoate (4 mM), n-hexane (1% v/v in HMN) and toluene (1% v/v in HMN). This 131 experiment was incubated over a period of 90 days at 20°C in the dark. In MPN 132 series and to test the ability of the isolates to grow on different substrates, water-133 soluble substrates were added from concentrated, separately sterilized stock 134 solutions in water to yield the indicated concentrations, and short-chain alkanes 135 and nitrite (retention timer: 2.3 min) were detected at 220 nm with an UV 160 detector. Data acquisition and processing were performed with the Clarity 161 software (DataApex, Czech Republic). Ammonium was measured using the 162 indophenol formation reaction (Marr et al., 1988) . 163
Concentrations of toluene and n-hexane in samples from the carrier phase were 164 determined by gas chromatography as described before ( presence of inserts on agarose gels, and then plasmids containing correct-size 210 inserts were used as template for sequencing. Inserts were sequenced by Taq 211 cycle on an ABI 3130XL sequencer (Applied Biosystems, Foster City, CA, USA), 212 using the following primers: GM3f (Muyzer et al., 1995) , 520f (5'-GCG CCA GCA 213 GCC GCG GTA A-3') and GM4r (Muyzer et al., 1995) . 214 215 Phylogenetic analyses. Insert-containing clones were partially sequenced and 216 fragments were analysed using the DNASTAR Lasergene 6 package (Madison, 217 WI, USA). These partial sequences were aligned in Megalign using the Clustal W 218 program, and adjusted to the same size. Sequences displaying more than 97% 219 similarity were considered to be related and grouped in the same phylotype. At 220 least one representative of each unique phylotype was completely sequenced. & Nei, 1987) and maximum likelihood (Felsenstein, 1981) . The robustness of 232 inferred topologies was tested by using 100 to 1000 bootstrap resampling 233 (Felsenstein, 1985) . Phylogenetic trees were generated using the SEQBOOT, HPLC. Additionally, production of gas in these cultures was measured (Fig. 1) . 304
All enrichment cultures showed intermediate nitrite accumulation. Formation of 305 ammonium was not detected, indicating that ammonification did not play a 306 significant role in these enrichments. After 29 days incubation, between 25 and 307 30 mM nitrate was consumed in the cultures on toluene and between 10 and 12 308 mM in the cultures on n-hexane. This corresponded to a theoretical oxidation of 309 ~33-40% of the toluene and ~15-18% of the n-hexane via denitrification, based 310 on an assumption of complete oxidation of the hydrocarbons. In fact, GC 311 measurements revealed nearly complete disappearance of toluene at this point. 312
Besides a small physical loss (potential absorption in the stopper), the 313 hydrocarbons were utilized for denitrification and biomass formation. It had been 314
shown previously for the pure culture of strain HdN1, that less than 60% of 315 electrons derived from complete oxidation of the alkane were consumed by 316 nitrate reduction (Ehrenreich et al., 2000) . Incomplete oxidation of the 317 hydrocarbon and formation of intermediates could theoretically also contribute to 318 the discrepancy, although such has not yet been observed in denitrifying pure 319
cultures. For the cultures on n-hexane, data are not as comprehensive as data 320 on toluene, since n-hexane concentration was not monitored. Nevertheless, as 321 nitrate depletion was observed in these cultures and as nitrate consumption was 322 closed to zero in the controls without n-hexane, n-hexane is likely to sustain 323 microbial growth. At the end of the incubation period, similar cell types were 324 observed in duplicate enrichment cultures on toluene or on n-hexane. In all 325 cases, cultures were dominated by short rod-shaped morphotypes, normal-size 326 bacilli, as well as coccoid cells. Numerous cells were in division. Cell numbers 327 increased four to eight folds during that incubation and reached 1×10 7 cells/ml 328 (for n-hexane) to 6×10 7 −6×10 8 cells/ml (for toluene). RNA preparation. In all cases, nearly full length 16S rRNA genes could be 337 amplified from crDNA with universal bacterial primers. A total of 48 to 53 insert-338 containing crDNA clones were randomly selected from clone libraries and a 339 partial sequence of ~500 bp was obtained for each clone. Sequences differing 340 less than 3% were considered as a single relatedness group based (Rosselló-341
Mora & Amann, 2001) and grouped as a single phylotype. One representative for 342 each phylotype was sequenced in full. Rarefaction curves were calculated from 343 the clone library phylotypes. All calculated rarefaction curves reached the 344 saturation limit, assuring that the vast majority of bacterial diversity in the 345 enrichment cultures was detected. The relative proportion of each taxonomic 346 group was determined by fluorescent in situ hybridization, carried out with group-347 specific rRNA-targeted oligonucleotide probes (Table 1) . Phylogenetic analyses 348 of the rRNA gene sequences revealed that the bacterial community in marine 349 sediments enriched on toluene or n-hexane consisted of several phylotypes 350 affiliated to the Gammaproteobacteria (Fig. 2) . Although the percentage of 351 Gammaproteobacteria in these different enrichments varied (Table 1) 
Toluene-grown cultures from a Mediterranean lagoon 364
The toluene-grown enrichment cultures from ML sediment, resulted in sequences 365 belonging to the Gammaproteobacteria and Bacteroidetes (Fig. 2 and 3) . In 366 these cultures, only 82% of the cells hybridized with probe EUB338 specific for 367 the bacterial domain. This quite low hybridization signal might be explained by 368 the fact that some cells reached already the stationary growth phase due to 369 substrate depletion and therefore exhibited a decreased cellular rRNA content 370 (Fukui et al., 1996) . Only 18% of the DAPI-stained cells yielded a hybridization 371 signal with probe CF319a. This probe was specific for only two phylotypes of Similar to the toluene enrichment, the bacterial community enriched on n-hexane 380 from the ML sediments was also composed of Gammaproteobacteria and 381 Bacteroidetes (Fig. 2 and 3) . In that case again, Gammaproteobacteria were 382 quantitatively dominant in the enrichment cultures, as demonstrated by 383 hybridization with probe GAM42a (Table 1) The denitrifying community grown on n-hexane from the same LD sediment 408 comprised mainly of Bacteroidetes, Gammaand Alphaproteobacteria (Fig. 2 and  409 3). The majority of cells grown with n-hexane also hybridized with probe GAM42a 410 (Table 1) . Sequences belonging to the Gammaproteobacteria were diverse and 411 clustered in four phylotypes. Most sequences were affiliated with phylotypes 412 belonging to the genus Marinobacter (96 to 99% 16S rDNA similarity with 413 sequences of Marinobacter species). Marinobacter species are Gram-negative, 414 halophilic bacteria able to grow heterotrophically on a wide range of substrates 415 with oxygen or nitrate as terminal electron acceptor (Gauthier et al., 1992; Huu et 416 al., 1999) . Although it has previously been demonstrated that Marinobacter 417 species are able to utilize alkanes, their capability to do so anaerobically with 418 nitrate as a terminal electron acceptor has to our knowledge never been 419 investigated. Other Gammaproteobacteria sequences from this enrichment were 420 related to environmental clone sequences from polluted habitats. Bacteroidetes 421 represented a significant fraction of the DAPI-stained cells as demonstrated by 422 FISH counts with probe CF319a (Table 1) . Two phylotypes with no close 423 cultivated relatives were found to belong to the Alphaproteobacteria. A total of 424 5% of cells in the enrichment culture yielded a hybridization signal with probe 425 ALF968 that covers the Alphaproteobacteria. 426
427
In addition, FISH analysis demonstrated that the bacterial community enriched 428 on toluene from NS sediment was strongly dominated by Gammaproteobacteria, 429 while the enrichment from BS sediment was dominated by Alphaproteobacteria 430 (Table 1) . 431 432 433
Isolation of marine toluene-degrading denitrifiers 434
The presence of taxa for which members' alkylbenzene utilization has not been 435 demonstrated prompted isolation of denitrifying toluene-oxidizers from the 436 enrichment cultures with toluene by repeated agar dilutions series. New toluene-437 utilizing denitrifying strains were isolated and one representative strain of each 438 taxon was described in more detail. 439 440 Strain DT−T was isolated from the enrichment culture performed with LD 441 sediment. Cells were motile and coccoid-shaped (Fig. 4a) . The strain grew under 442 anaerobic conditions on toluene, m-xylene, and diverse organic acids, using 443 nitrate as a terminal electron acceptor (Table 2) . Phylogenetic analyses of the 444 16S rRNA gene revealed that this strain belonged to the genus Halomonas within 445
the Gammaproteobacteria (Fig. 2) Halomonas species have been described to degrade benzoate or phenol under 451 aerobic conditions (Alva & Peyton, 2003) . However, the ability of this validly 452 described species to grow anaerobically on aromatic compounds has not been 453 described. 454 455 Cells from strain TT−Z, isolated from TB sediments, were rod-shaped and motile 456 ( Fig. 4b) . Strain TT−Z grew organotrophically on toluene, m-xylene, and on 457 variety of organic acids, using nitrate as a terminal electron acceptor (Table 2) . 458
Analysis of the 16S rRNA gene revealed that strain TT−Z was affiliated with the 459 genus Sedimenticola among the Gammaproteobacteria. It was closely related to 460 the species Sedimenticola selenatireducens (96% 16S rDNA similarity), a strain 461 able to grow anaerobically on 4-hydroxybenzoate coupled to selenate reduction 462 (Narasingarao & Haggblom, 2006) . 463
Two additional toluene-utilizing denitrifiers were isolated from enrichment 465 cultures and repeated agar dilutions series using sediments from the North Sea 466 (NS) and the Black Sea (BS) as inoculum source. Strain Col2, isolated from 467
North Sea sediment, consisted of oval-shaped to spherical cells (Fig. 4c) that 468 were non-motile and tended to form loose aggregates in liquid culture. This 469 isolate utilized toluene and a wide range of substrates via denitrification ( Table  470 2). Similar to strain DT-T, this strain was affiliated to the Gammaproteobacteria 471 and belonged to the genus Halomonas. This result underlines the great 472 metabolic versatility of Halomonas species. 473 474 Strain TH1 originated from Black Sea sediments and had rod-shaped ( Fig. 4d) , 475 non-motile cells. This strain grew organotrophically on toluene and several 476 organic acids (Table 2) Albeit nitrate in marine sediments is much less abundant than sulphate, it plays a 482 key role in the anaerobic mineralization of organic matter, notably in coastal 483 sediments (Jørgensen, 1983) . As nitrate concentrations in coastal marine 484 sediments are regulated by a complex range of physico-chemical and micro-485 biological factors, they can differ dramatically from one site to another, with 486 denitrification rates reaching up to 1,400 mg N m −2 day −1 (Herbert, 1999) . were similar, with slightly higher numbers obtained from the oil-polluted harbor 501 samples (LD) ( Table 3) . MPN counts of hydrocarbon-degrading denitrifiers in 502 sediments from the petroleum-rich ML and NS sediment were substantially 503 higher than for the BS, LD and TB samples ( Table 3 ). The counts for toluene in 504 these petroleum-rich sediments were only two orders of magnitude lower as for 505 acetate (10 4 compared to 10 6 cells/cm 3 ), whereas the difference for the other 506 sediments was three orders of magnitude and more. The results suggest that 507 hydrocarbon-degrading denitrifiers are abundant, especially in coastal petroleum-508 rich sediments. 509
510

DISCUSSION
511
In the present study, we revealed the hitherto unrecognized capability of 512 indigenous prokaryotes from marine sediments to degrade alkylbenzenes and 513 alkanes anaerobically using nitrate as a terminal electron acceptor. Most of these 514 toluene-or n-hexaneoxidizing denitrifiers enriched from marine sediments 515 represent new types of hydrocarbon-degraders. The majority of the metabolically 516 active bacteria detected within the enrichment cultures belonged to the Alpha-517
and Gammaproteobacteria, as well as the Bacteroidetes. Metabolic activity and 518 growth in the enrichments was monitored by substrate consumption, nitrate-519 reduction, and cell counts. Although the main nitrate-reducing hydrocarbons 520 degraders were identified, not all sequences will belong to organisms directly 521 involved in toluene-or n-hexane degradation. A fraction of the bacterial 522 community might have grown with metabolic intermediates derived from the 523 assimilation of toluene or n-hexane by primary hydrocarbon-oxidizers. This may, 524 for example, be the case for the enriched Bacteroidetes species, as most 525
Bacteroidetes described so far are chemoorganoheterotrophs involved in the 526 decomposition of organic matter in natural habitats (Bernardet et al., 2002) . In 527 brief, we cannot unambiguously conclude from this data alone that all active 528 bacteria identified by molecular methods are bona fide toluene-or n-hexane 529 utilizing denitrifiers. However, successful isolation of toluene-oxidizing denitrifiers 530 belonging to the Alphaand Gammaproteobacteria from four different marine 531 samples confirmed that marine denitrifiers with this metabolic capability are 532 probably widely distributed in these sediments. Although the composition of the 533 enriched community differed from one habitat to the other, one can conclude that 534 hydrocarbons in marine sediments favour growth of phylogenetically more 535 diverse communities of denitrifiers, than what has been found in freshwater 536 sediments where numerous studies have repeatedly confirmed the dominance of 537
Betaproteobacteria. Surprisingly, even coastal sediments and sediments 538 obtained from petroleum-contaminated harbors, were not dominated by 539
Betaproteobacteria. Furthermore, none of the new microbial isolates was 540 affiliated to the Betaproteobacteria. Why the marine environment favours 541 hydrocarbon-degrading denitrifying microorganisms affiliated to different 542 phylogenetic lineages than those prevailing in freshwater environments can only 543 be speculated about at this time. The hypothesis that Betaproteobacteria able to 544 oxidize hydrocarbons might adapt to the marine environment was not supported 545 by our study. The isolation of new types of toluene-degrading denitrifiers from 546 marine habitats now permits a comparison of pathways involved in anaerobic 547 hydrocarbon degradation among the different groups of denitrifying Alpha-, Beta, 548
and Gammaproteobacteria, and to gain insights into the evolution of these 549 environmentally relevant capacities. 550 551 Furthermore, the closely related sequences detected in enrichment cultures 552 grown from sediments of different origins, implies that some hydrocarbon-553 degraders could be widespread within the marine environment. To what extent 554 these denitrifying microorganisms participate in the degradation of hydrocarbons 555 in different marine environments is still unknown. However, nitrate, although less 556 abundant in the ocean than sulphate, is an energetically favorable electron 557 acceptor and one would expect that it is utilized preferably over sulphate. The 558 use of nitrate and nitrite by the oil industry to prevent souring and control 559 corrosion in oil reservoirs and surface facilities (Gieg et al., 2011; Hubert et al., 560 2005) could provide conditions favorable for marine denitrifying bacteria. 561
Although detrimental production of sulphite might be reduced by the addition of 562 nitrate, the degradation of hydrocarbons accompanied by the production of large 563 amounts of nitrogen gas would be the consequence. 564
565
Our results confirm that marine sediments are rich in nitrate-reducing 566 microorganisms able to degrade hydrocarbons and that these organisms are 567 clearly different from their freshwater counterparts. The effect these denitrifying 568 hydrocarbon degraders can have on the marine environment, especially on 569 coastal regions where nitrate can be abundant, or on measures to prevent oil 570 souring will be the focus of future studies. 571
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